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Abstract
Background: Copines are calcium-dependent phospholipid-binding proteins found in diverse eukaryotic organisms. 
We are studying the function of copines in Dictyostelium discoideum, a single-celled amoeba that undergoes cell 
differentiation and morphogenesis to form multicellular fruiting bodies when placed in starvation conditions. 
Previously, we showed that Dictyostelium cells lacking the copine A (cpnA) gene are not able to complete the 
developmental cycle, arresting at the slug stage. The aim of this study is to further characterize the developmental 
defect of the cpnA- cells.
Results: Time-lapse imaging revealed that cpnA- cells exhibited delayed aggregation and made large mounds that 
formed one large slug as compared to the smaller slugs of the wild-type cells. While the prespore cell patterning 
appeared to be normal within the cpnA- slugs, the prestalk cell patterning was different from wild-type. When cpnA- 
cells were mixed with a small percentage of wild-type cells, chimeric fruiting bodies with short stalks formed. When a 
small percentage of cpnA- cells was mixed with wild-type cells, the cpnA- cells labeled with GFP were found located 
throughout the chimeric slug and in both the stalk and sporehead of the fruiting bodies. However, there appeared to 
be a small bias towards cpnA- cells becoming spore cells. When cpnA- cells were developed in buffer containing EGTA, 
they were also able to differentiate into either stalk or spore cells to form fruiting bodies with short stalks.
Conclusions: Our results indicate that CpnA is involved in the regulation of aggregation, slug size, and culmination 
during Dictyostelium development. More specifically, CpnA appears to be involved in the function and differentiation of 
prestalk cells and plays a role in a calcium-regulated signaling pathway critical to triggering the initiation of 
culmination.
Background
Copines are highly conserved calcium-dependent mem-
brane binding proteins found in many eukaryotic organ-
isms including Paramecium, Dictyostelium, Arabidopsis,
C. elegans, mice, and humans [1-5]. The copine family is
characterized as having two C2 domains in the N-termi-
nal half of the protein followed by an A domain in the C-
terminal half. Following the A domain, copines have a
variable length C-terminal domain, which may confer
unique characteristics to the different copine family
members [1].
The C2 domain is a calcium-dependent phospholipid-
binding motif originally identified in protein kinase C.
Single and multiple copies of C2 domains are found in a
large number of eukaryotic proteins. Most proteins con-
taining a single C2 domain are involved in signaling path-
ways; examples include protein kinases, lipid kinases,
phospholipases, and GTPase activating proteins. In con-
trast, most proteins that have multiple C2 domains are
involved in membrane trafficking and exocytosis. Some
examples of multiple C2 domain proteins are synaptotag-
min, rabphilin, DOC2, each of which has two C2
domains, and munc13, which has three C2 domains [6].
The A domain is similar in sequence to the von Wille-
brand A (VWA) domain found in integrins. The VWA
domain is named from the von Willebrand Factor, a
plasma and extracellular matrix protein. VWA domains
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have been studied in integrins and several extracellular
matrix proteins and appear to function as protein-bind-
ing domains [3]. Copines were the first intracellular pro-
teins to be identified as having a VWA domain [1].
However, a more recent sequence database search for
VWA domains revealed that VWA domains are found in
several other intracellular proteins present in eukaryotes
[3].
The combination of a domain typically found in extra-
cellular domains/proteins and a domain typically found
in intracellular proteins involved in calcium-mediated
functions makes these proteins unique and interesting to
study. In addition, the wide array of organisms ranging
from single-celled organisms to humans in which copines
are found suggest that copines carry out fundamental
functions important in most eukaryotic cells. Although
the exact function of copines is not known, a growing
body of evidence suggests that copines may mediate an
array of cellular processes by conferring calcium regula-
tion to various signaling pathways [3,7-9].
A general hypothesis proposed by Tomsig et al. [10] for
how copines may regulate signaling pathways is that spe-
cific copines interact with other cellular proteins through
their A domains and then either deliver soluble target
proteins to membranes or regulate the function of a
membrane protein through the action of the C2 domains
in response to a rise in intracellular calcium. Tomsig et al.
[10] identified more than 20 distinct potential targets of
A domains of human copines I, II, and IV using a yeast
two-hybrid screen. Among the proteins that were found
to associate with human copine A domains were various
regulators of phosphorylation, transcription, ubiquitina-
tion, cytoskeleton, exocytosis, and mitosis, suggesting
that copines carry out many diverse functions.
Ramsey et al. [11] showed that copine I inhibits NF-κB
regulated transcription in response to TNFα in prostate
cancer cell lines by inducing the proteolysis of the N-ter-
minus of p65, one of the subunits of NF-κB. These
authors suggest the copine I may associate through its A
domain with protease-containing protein complexes to
regulate proteolysis of NF-κB subunits. Therefore,
copines may not only directly interact with and regulate
the activity of cytosolic proteins, but also regulate the
activity of many proteins at the level of transcription.
Copine mutants in Arabidopsis have defects in growth
and development and exhibit increased cell death and
disease resistance [9,12-15]. The BON1/CPN1 copine
protein in Arabidopsis negatively regulates the activity of
the disease resistance R gene SNC1 at the transcriptional
level [16,17]. In addition, up-regulation of BON1/CPN1
expression can be induced by bacterial pathogen inocula-
tion and calcium influx produced by treatment with a cal-
cium ionophore [7]. Therefore, BON1/CPN1 may
function to suppress the activation of plant defense sig-
naling in response to increases in intracellular calcium,
thereby inhibiting cell death in response to pathogen
detection.
Copines in C. elegans have not been studied directly.
However, mutations in gem-4, a copine gene, were found
to suppress loss-of-function alleles of the gon-2  gene.
GON-2 is a cation channel required for division of the
four postembryonic gonad-precursor cells in C. elegans
[18]. GON-2 is a member of the family of TRPM (tran-
sient receptor potential melastatin) ion channels. GON-2
in the intestinal epithelial appears to be required for an
outwardly rectifying calcium current and functions in IP3
signaling to regulate intestinal calcium oscillations [19].
GEM-4 tagged with GFP was found localized to the
plasma membrane and may negatively regulate the activ-
ity of GON-2 directly. In another study, a different copine
protein was found to associate with the synaptic nicotinic
acetylcholine receptor and the inactivation of the copine
gene by RNAi resulted in nicotine resistance. The nico-
tine resistance appeared to be due to a reduction in syn-
aptic nicotinic receptor expression [20]. These two
studies indicate a role for copines in regulating the activ-
ity and/or expression of two different types of plasma
membrane calcium channels in C. elegans.
We are studying the function of copine proteins in the
simple eukaryote Dictyostelium discoideum.  Dictyostel-
ium can live independently as single-celled amoebae, yet
can also undergo cell differentiation and morphogenesis
to form multicellular fruiting bodies when placed in star-
vation conditions. Upon starvation, cells undergo
c h e m o t a x i s  i n  r e s p o n s e  t o  p e r i o d i c  w a v e s  o f  s e c r e t e d
cAMP and aggregate into hemispherical mounds. Next, a
tip is formed on the mound that elongates to give rise to a
finger-shaped structure. This finger may topple over and
migrate as a slug before developing into a fruiting body
consisting of a dead stalk with a spore mass on top. Dur-
ing the final stage of development, called culmination, a
dramatic change in morphology occurs and cells termi-
nally differentiate into spore or stalk cells. Associated
with differentiation and morphological changes during
development is a regulated program of gene expression
brought on by a variety of secreted factors [21].
We have identified six copine genes in the Dictyostel-
ium genome and have focused our study on one of these
genes, cpnA [5]. Our previous studies showed that CpnA
is required for normal development and the developmen-
tal expression patterns of several of the other copine
genes suggest they too may be regulators of development.
Cells lacking the cpnA gene are arrested during develop-
ment in the slug stage and do not culminate into fruiting
bodies [22]. In this current study, we have characterized
the developmental phenotype of cpnA- cells further.
Time-lapse imaging of developing cpnA- cells indicated
that cpnA has roles in regulating aggregation, slug size,Smith et al. BMC Developmental Biology 2010, 10:59
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and culmination. Mixing wild-type cells with cpnA- cells
allowed cpnA- cells to develop into fruiting bodies form-
ing differentiated stalk or spores cells, indicating that
cpnA- cells are able to respond to signals from wild-type
cells. In addition, developing cpnA- cells in a reduced cal-
cium environment allowed cpnA- cells to develop into
fruiting bodies suggesting that CpnA may have a role in
mediating calcium-regulated signaling pathways impor-
tant in development.
Results
cpnA- cells are arrested in the slug stage of development
In a previous study, we showed that Dictyostelium cells
lacking the cpnA gene exhibit developmental defects [22].
cpnA- cells become arrested in the slug stage of develop-
ment, indicating that cpnA is necessary for normal devel-
opment, specifically in the last stage of development
called culmination. We looked at the development of
three independent cpnA- clones on filters and they each
exhibited this same developmental defect [22]. In this
study, we further investigated the role of cpnA in develop-
ment. Wild-type and cpnA- cells were plated on black fil-
ters and allowed to develop for 24-48 hours;
Dictyostelium cells placed in starvation buffer on filters at
a particular density will complete their development in a
characteristic 24-hour period. Wild-type cells formed
fruiting bodies as shown in Figure 1A, while cpnA- cells
were either arrested in the finger/slug stage or made
structures with what appeared to be a slug or finger-like
structure on top of a stalk-like structure (Figure 1C,
arrow). However, when these stalk-like structures were
observed at a higher magnification, it was clear that they
were not made up of differentiated stalk cells (Figure 1D).
Wild-type stalk cells undergo programmed cell death and
become vacuolated as shown in Figure 1B.
Time-lapse imaging revealed that cpnA- cells form larger 
mounds that develop into fewer, larger slugs
To further characterize the developmental defects of
cpnA- cells, we used fluorescence time-lapse microscopy
to image both wild-type and cpnA- cells during develop-
ment. Cells expressing green fluorescent protein (GFP)
under the act15  promoter were plated on filters and
imaged at ten-minute intervals for 28 hours (Figure 2 and
Additional Files 1 and 2). Time-lapse imaging revealed
that the cpnA- cells aggregated into mounds with a slight
delay as compared to the wild-type parental strain (Figure
2A and 2D). The mounds of cpnA- cells were larger than
the wild-type mounds (Figure 2B and 2E) and did not
break up into several fingers, as did the wild-type paren-
tal strain mounds (Figure 2C and 2F). Instead, each
mound of cpnA- cells formed one large slug (Figure 2G-
L). At approximately 20 hours of development, wild-type
structures began culmination (Figure 2H). Interestingly,
some of the large slugs of the cpnA- cells also appeared to
begin culmination, in that a stalk-like structure was
formed (Figure 2K, arrow). However, a sorus or spore-
head did not form and the slug seemed to be able to move
away from the stalk-like structure built underneath it
(Figure 2K). At 24 hours, there were many fruiting bodies
on the wild-type plate and none on the cpnA- cell plate
(Figure 2I and 2L).
Prespore and prestalk cell patterning in cpnA- cells
During  Dictyostelium  development, cells differentiate
into two main cell types, stalk cells and spores, due to
changes in gene expression that begin early in develop-
ment. Approximately 20% of the cells within a slug
become stalk cells, while 80% become spores [21]. Cells
that will become stalk cells, called prestalk cells, and
those that will become spores, called prespore cells, can
be distinguished by particular prespore and prestalk
marker genes [23]. We used three of these marker genes
to determine if the pattern and localization of prestalk
and prespore cells are disrupted in the cpnA- cells. Wild-
type and cpnA- cells were transformed with plasmids that
contained the promoter sequence for ecmAO, a prestalk
marker gene, ecmB, another prestalk marker gene, or
pspA, a prespore marker gene, upstream of the lacZ gene
[24-26]. The transformed cells were developed on filters
and then fixed and stained with X-Gal to reveal either
prespore or prestalk patterning at various stages of devel-
opment.
Prespore patterning of the pspA promoter appeared to
be normal in the cpnA- slugs, with the pspA expressing
cells found in the posterior four-fifths of the slug as seen
in the parental wild-type cells (Figure 3A and 3D). The
prestalk specific ecmB promoter, which is active in spe-
cific types of prestalk cells including pstB and pstAB cells,
was expressed in a region within the anterior one-fifth of
the slug, cells scattered throughout the slug, and cells in
the rear of the slug, in both the slugs of the parental wild-
type strain and the cpnA- strain (Figure 3B and 3E). How-
ever, staining in the anterior of the slug was seen less
often in the cpnA- cells, which may be because the cpnA-
cells spend more time as slugs; pstAB cells will move to
the rear and be shed from the slug during long periods of
migration [27]. The prestalk specific promoter, ecmAO, is
active in both pstA and pstO cells found in the anterior
portion of the slug and was observed in this region of the
wild-type slug (Figure 3C). In the cpnA- slugs, the ecmAO
promoter was active in the anterior region of the slug like
the wild-type slugs, but also appeared to be active in the
rear of the cpnA- slug and cells within the slug trail (Fig-
ure 3F). The X-Gal staining of cells at the posterior end of
the slug and the slug trail was not observed in the wild-
type slug (Figure 3C).Smith et al. BMC Developmental Biology 2010, 10:59
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Wild-type cells can rescue the culmination defect of cpnA- 
cells
To determine whether mixing wild-type cells with cpnA-
cells rescues the developmental defect of cpnA- cells, we
mixed wild-type cells and cpnA- cells at various ratios
and plated the cell mixtures in starvation buffer on filters
(Figure 4). We found that mixing 10% wild-type cells with
cpnA- cells resulted in a few small fruiting bodies with
abnormally short stalks on each plate (Figure 4C, see
arrow). Mixing cpnA- cells with 20% wild-type cells
resulted in fruiting bodies all over the plates; however,
again the fruiting bodies had shorter than normal stalks
(Figure 4D). As the ratio of wild-type cells was increased,
the stalks also lengthened and at 50% wild-type cells, the
fruiting bodies looked similar to those formed from 100%
wild-type cells (Figure 4E and 4F). In addition, if cells
were allowed to develop for 48 hours instead of 24 hours
as shown, small fruiting bodies were observed on the 5%
wild-type plate and found all over the 10% wild-type plate
(data not shown).
These data indicate that mixing a small percentage of
wild-type cells with cpnA- cells allows the cpnA- cells to
differentiate into either stalk or spore cells to form fruit-
ing bodies. However, if the cpnA- cells are specifically
defective in either stalk or spore cell differentiation, then
it is possible that wild-type cells were able to rescue the
culmination defect by preferentially becoming either the
stalk cells or the spores formed in these small chimeric
fruiting bodies. Therefore, we did the same mixing exper-
iment, but with wild-type cells labeled with GFP. Fluores-
cence microscopy images of chimeric slugs and fruiting
bodies revealed that wild-type cells were not found pref-
erentially in the prestalk or prespore areas of the slug or
in the stalk or sporehead of the fruiting body; instead
wild-type cells were found throughout the whole slug and
in both the stalk and sporehead of the fruiting bodies. A
Figure 1 cpnA- cells are arrested in the slug stage of development. Wild-type (A) and cpnA- (C) Dictyostelium cells were plated on black filters at 
5 × 107 cells/mL in starvation buffer and developed for 48 hours. Images were taken using a Leica dissecting microscope at 40× magnification (scale 
bar = 0.5 mm). Wild-type (B) and cpnA- (D) stalk structures were removed from the filters, placed in glass bottom dishes, and imaged using a Nikon 
fluorescence microscope at 1000× (B) and 600× (D) magnification with DIC optics (scale bar = 40 μm).
A
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s l u g  a n d  f r u i t i n g  b o d y  f o r m e d  b y  t h e  m i x t u r e  o f  1 0 %
wild-type cells labeled with GFP and 90% unlabeled
cpnA- cells are shown in Figure 5A and 5B. To determine
the exact make-up of the spores in the chimeric fruiting
bodies, we removed the spore heads, placed them on
glass-bottom dishes, and determined the percentage of
wild-type spores, which were labeled with GFP. We found
the percentage of wild-type spores within the sporehead
was slightly lower on average, but similar to the percent-
age of wild-type cells originally mixed with cpnA- cells
(Figure 5C). This finding indicates that both wild-type
and  cpnA- cells were almost equally likely to become
spores and that the presence of a small percentage of
wild-type cells allowed cpnA- cells to differentiate into
spores. However, the shorter stalks of the chimeric fruit-
ing bodies formed from the lower wild-type ratio cell
mixtures suggest that cpnA- cells have a defect in stalk
cell differentiation.
cpnA- cells mixed with wild-type cells can become either 
stalk or spore cells
We also performed the reverse experiment in which a
small percentage of cpnA- cells expressing GFP was
Figure 2 Time-lapse imaging revealed that cpnA- cells are delayed in aggregation and form larger mounds that develop into fewer, larger 
slugs. Wild-type (A-C, G-I) and cpnA- (D-F, J-L) Dictyostelium cells expressing GFP were plated on black filters in starvation buffer at 5 × 107 cells/mL 
and imaged every 10 minutes for 28 hours using a Leica dissecting fluorescence microscope at 20× magnification (scale bar = 1 mm). Hours:minutes 
in development are given in the lower right corner of each image. Arrow (K) points to stalk-like structure. Also see time-lapse movies in Additional 
Files 1 and 2.
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mixed with wild-type cells. Fluorescence microscopy
revealed that cpnA- cells expressing GFP were found
throughout the slug (Figure 6A) and in both the spore-
head and the stalk of fruiting bodies (Figure 6B) indicat-
ing that cpnA- cells have the ability to differentiate into
either spores or stalk cells when mixed with wild-type
cells. However, we found that at all percentages except for
twenty, the percentage of cpnA- cells within the spore-
head was slightly higher than the percentage of cpnA-
cells in the original mixture of cells (Figure 6C).
One notable difference between the two types of mix-
ing experiments was that the cpnA- cells expressing GFP
appeared to form aggregates within the mostly wild-type
slug (Figure 6A). Therefore, we did two additional types
of mixing experiments: 10% wild-type/GFP cells mixed
with 90% unlabeled wild-type cells and 10% cpnA-/GFP
cells mixed with 90% unlabeled cpnA- cells. Both of these
types of chimeric slugs resulted in diffuse fluorescence
throughout the slug similar to the slug shown in Figure
5A (data not shown). These data suggest that cpnA- cells
may be more adhesive than the wild-type cells and thus,
adhere to each other more strongly and move within the
slug together. If cpnA- cells are more adhesive than wild-
type cells, then they may not break up into smaller
streams or mounds during aggregation, which would
explain the large slug phenotype.
We also took fruiting bodies from the plates that con-
tained 5% cpnA-/GFP cells mixed with 95% wild-type
unlabeled cells, and placed them on slides to image them
at a higher magnification. Using differential interference
contrast (DIC) and fluorescence imaging, we found that
the cpnA- cells appeared to form morphologically normal
spore and stalk cells (Figure 7). The results of both types
of mixing experiments indicate that cpnA- cells are able
to differentiate into either spore or stalk cells in the pres-
ence of wild-type cells.
cpnA- cells in reduced calcium environment are able to 
make fruiting bodies with short stalks
Because CpnA has two C2 domains and was previously
shown to bind to membranes in the presence of calcium
Figure 3 Prestalk and prespore cell patterning in cpnA- slugs. Wild-type (A-C) and cpnA- (D-F) Dictyostelium cells transformed with the pspA-Gal 
(A, D) ecmAO-Gal (B, E), and ecmB-Gal (C, F) plasmids were plated on white filters in starvation buffer at 5 × 107 cells/mL and allowed to develop for 24 
hours. At ~16 hours of development, slug structures were fixed and stained with X-Gal to reveal prestalk and prespore patterning. Images were taken 
with the Nikon SMZ1500 dissecting microscope equipped with a SPOT Flex colored camera using the SPOT digital imaging software (scale bar = 500 
μm).Smith et al. BMC Developmental Biology 2010, 10:59
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[5], we examined whether changes in available calcium
affected the development of cpnA- cells. Wild-type and
cpnA- cells were developed in starvation buffers contain-
ing various amounts of calcium or the calcium chelator,
EGTA. We found that increasing the amount of calcium
in the buffer up to 5 mM or decreasing the amount of cal-
cium by not adding any calcium to the buffer did not
greatly affect the development of wild-type or cpnA-
cells. However, when cpnA- cells were developed in buf-
fer containing 2 mM EGTA to chelate calcium ions, they
were able to form fruiting bodies, albeit with abnormally
short stalks (Figure 8D). To determine whether this
Figure 4 Mixing with 10% wild-type cells begins to rescue the culmination defect of cpnA- cells. Wild-type and cpnA- Dictyostelium cells were 
mixed at various ratios, plated on black filters in starvation buffer at 5 × 107 cells/mL, and allowed to develop for 24 hours. The wild-type cell percentage 
is given in the lower right of each image. Images were taken using a Leica dissecting microscope at 20× magnification (scale bar = 1 mm). Arrows (C-
F) point to stalks.
AB C
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Figure 5 Wild-type cells differentiate into stalk or spore cells when mixed with cpnA- cells. Wild-type cells expressing GFP (10%) were mixed 
with cpnA- cells (90%), plated on black filters in starvation buffer at 5 × 107 cells/mL, and allowed to develop for 24 hours. Fluorescent images of chi-
meric slugs (A) and fruiting bodies (B) were taken with a Leica dissecting microscope at 50× magnification (scale bar = 0.5 mm). (C) Wild-type cells 
expressing GFP and cpnA- cells were mixed at various ratios and allowed to develop. Fruiting bodies were removed from the filter, placed on glass 
bottom dishes, and imaged with a Nikon fluorescence microscope. The percentage of fluorescent spores from each ratio was calculated five times 
and averaged. Error bars indicate standard error.
AB CSmith et al. BMC Developmental Biology 2010, 10:59
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EGTA result was due to the chelation of calcium ions, we
also developed cpnA- cells in buffer containing 2 mM
EGTA and 4 mM CaCl2. Adding back calcium in the pres-
ence of EGTA did not result in fruiting bodies; instead,
cpnA- cells arrested in the slug/finger stage (data not
shown). The short-stalked fruiting bodies made up of
cpnA- cells consisted of morphologically normal stalk
and spores cells (Figure 9). In addition, spores formed by
the  cpnA- cells developed in buffer containing EGTA
were able to germinate when placed in nutrient media
(data not shown). These data show that lowering the
amount of calcium available in the environment allowed
the cpnA- cells to differentiate into either stalk or spore
cells. Shorter stalks were observed for both the wild-type
and  cpnA- fruiting bodies when developed in EGTA,
although the cpnA- cells formed much shorter stalks than
the wild-type.
Discussion
In a previous study we showed that Dictyostelium cells
lacking the cpnA gene were arrested at the slug stage of
development. In the current study, we further character-
ized the developmental phenotype of cpnA- cells. Time-
lapse imaging revealed that cpnA- cells exhibited delayed
aggregation and formed large mounds that became larger
than normal slugs. The cpnA- slugs were able to migrate,
but did not culminate into fruiting bodies. These obser-
v a t i o n s  i n d i c a t e  t h a t  C p n A  p l a y s  a  r o l e  i n  r e g u l a t i n g
aggregation and slug size and is necessary for culmina-
tion. In addition to these phenotypic observations of
cpnA- cells, we carried out several experiments to further
explore the role of cpnA in cell differentiation and culmi-
nation.
Using prespore and prestalk marker genes, we found
that cpnA- cells were able to achieve what appeared to be
normal patterning of prespore cells within the developing
slug prior to the culmination stage. In addition, there did
not appear to be a major disruption in prestalk cell pat-
terning in the cpnA- slugs prior to culmination; however,
the prestalk patterning in the cpnA- slugs was not com-
pletely normal. The ecmB marker, which labels pstB and
pstAB cells found in different areas of the anterior por-
tion of the slug, was observed less often in the cpnA- cells
as compared with wild-type cells. The ecmAO  marker
was observed at the anterior and posterior ends of the
slug in cpnA- cells, while only at the anterior end in wild-
type cells, suggesting that the EcmA expressing cells
m o v e d  t o  t h e  b a c k  o f  t h e  s l u g  a n d  w e r e  s l o u g h e d  o f f
instead of differentiating into stalk cells. The cells that
make up the anterior tip of the slug in the prestalk area
are thought to be responsible for sensing whether the
environment is suitable for culmination [28]. In normal
development, if conditions are favorable for culmination,
pstAB cells, which express both EcmA and EcmB, initiate
culmination by producing the stalk tube. The surround-
ing pstA cells are then recruited into the tube as it elon-
gates downward to the substratum. The maturing stalk
cells within the tube secrete factors that signal to the pre-
spore cells to begin differentiation into mature spore
cells, and the spore cells begin their movement up the
stalk. In the migratory slug in which culmination is inhib-
ited, the pstAB cells will periodically move to the rear and
be shed from the slug [23,27]. It is likely that the cause for
the observed differences between cpnA- slugs and wild-
type slugs in prestalk cell patterning is that cpnA- slugs
cannot culminate. The inability of cpnA- slugs to culmi-
nate suggests that CpnA may function in the prestalk cells
Figure 6 cpnA- cell are able to differentiate into either stalk or spore cells when mixed with wild-type cells. cpnA- cells expressing GFP (10%) 
were mixed with wild-type cells (90%), plated on black filters in starvation buffer at 5 × 107 cells/mL, and allowed to develop for 24 hours. Fluorescent 
images of chimeric slugs (A) and fruiting bodies (B) were taken with a Leica dissecting microscope at 50× magnification (scale bar = 0.5 mm). (C) cpnA- 
cells expressing GFP and wild-type cells were mixed at various ratios and allowed to develop. Fruiting bodies were removed from the filter, placed on 
glass bottom dishes, and imaged with a Nikon fluorescence microscope. The percentage of fluorescent spores from each ratio was calculated five 
times and averaged. Error bars indicate standard error.
C ABSmith et al. BMC Developmental Biology 2010, 10:59
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at the tip of slug as a component of the signaling pathway
that triggers the initiation of culmination.
We carried out mixing experiments to test the hypothe-
sis that CpnA is involved in regulating cell-to-cell signal-
ing during Dictyostelium development. Because mixing
wild-type cells with cpnA- cells was able to rescue the cul-
mination defect in cpnA- cells, we were able to further
explore the role of CpnA in cell differentiation. If CpnA is
involved in the regulation of a signaling molecule that is
either secreted or found on the plasma membrane, then a
small percentage of wild-type cells may be able to rescue
the culmination defect observed in the cpnA- cells. We
found that mixing cpnA- cells with as little as 10% wild-
type cells could partially rescue the culmination defect, in
that these mixed cell populations formed fruiting bodies
with viable spores, but with shorter than normal stalks.
The wild-type cells mixed with cpnA- cells did not appear
to preferentially become spores or stalk cells indicating
that the presence of wild-type cells allowed cpnA- cells to
differentiate into either spores or stalk cells.
T o test this idea more directly, we also performed the
reverse mixing experiment and found that when a small
percentage of cpnA- cells was mixed with wild-type cells,
cpnA- cells were able to become spore or stalk cells with a
small bias towards becoming spore cells. Thus, the wild-
type cells in the mixed/chimeric population slug may pro-
vide sufficient quantities of a secreted molecule to allow
the whole slug to progress to culmination. Conversely, the
wild-type cells may be able to metabolize or uptake a sig-
naling molecule that inhibits culmination. Alternatively,
the wildtype cells may provide enough normal function-
ing prestalk cells in the tip of the slug to trigger the slug to
begin culmination. Once culmination begins, cpnA- cells
are then able to undergo cell differentiation to form spore
or stalk cells. However, results from each type of mixing
experiment suggest that cpnA- cells may have a specific
Figure 7 cpnA- cells can differentiate into morphologically normal stalk and spore cells. cpnA- cells expressing GFP (5%) and wild-type cells 
(95%) were mixed, plated on black filters in starvation buffer at 5 × 107 cells/mL, and allowed to develop for 24 hours. Fruiting bodies were removed 
from the filter and placed in glass bottom dishes. Spores (A, C) and stalks (B, D) were imaged with DIC (A, B) and fluorescence (C, D) microscopy using 
a Nikon fluorescence microscope at 600× magnification (scale bar = 40 μm).
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defect in stalk cell differentiation: the short stalks of the
chimeric fruiting bodies formed from mixtures of mostly
cpnA- cells and the small bias of cpnA- cells towards
b e c o m i n g  s p o r e  c e l l s  i n  m i x t u r e s  o f  m o s t l y  w i l d - t y p e
cells.
Because the CpnA protein contains C2 domains, we
hypothesized that CpnA may function in calcium-regu-
lated signaling either by controlling transient changes in
calcium concentrations or by responding to changes in
calcium concentrations. To search for possible defects in
calcium signaling in cpnA- cells, we developed cpnA-
cells and wild-type cells in buffers containing various
concentrations of calcium. In buffer containing no addi-
tional calcium and 2 mM EGTA to chelate calcium ions,
both the wild-type cells and cpnA- cells developed into
fruiting bodies. The wild-type cells formed fruiting bod-
ies with slightly shorter stalks than when developed in the
absence of EGTA, while the cpnA- cells formed fruiting
bodies with very short stalks. It is not unexpected that
wild-type cells formed shorter stalks in buffer with EGTA
given that other studies with Dictyostelium  cells have
shown that a larger percentage of cells become prespore
cells when developed in EGTA [29]. Presumably this is
because stalk cell differentiation requires higher levels of
calcium [30-32]; prestalk cells also exhibit calcium wave
oscillations not observed in prespore cells [33]. Gross [34]
argues that calcium released from intracellular acidic
stores is suppressed in prespore cells and active in
prestalk cells leading to differences in gene expression in
these two cell types necessary for differentiation. In a pre-
vious study, we speculated that CpnA may be specifically
involved in stalk cell differentiation because a GFP-
tagged version of CpnA was shown to transiently bind to
membranes in an oscillatory way in a small subset of
starved cells [5]. Although cpnA- cells were able to
become stalk cells in the presence of wild-type cells and
Figure 8 In reduced calcium conditions, cpnA- cells form fruiting bodies with short stalks. Wild-type (A, B) and cpnA- (C, D) cells were plated on 
black filters in starvation buffer with either 2 mM calcium (A, C) or 2 mM EGTA (B, D) at 5 × 107 cells/mL, and allowed to develop for 48 hours. Images 
were taken using a Leica dissecting microscope at 40× magnification (scale bar = 0.5 mm). Insets are side views of fruiting bodies to show stalk length 
at the same magnification.
Calcium EGTA
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EGTA, in both cases, the stalks within the fruiting bodies
were short. These results indicate that fewer cpnA- cells
differentiated into stalk cells than normal and points to a
specific defect in stalk cell function and differentiation.
Studies using Arabidopsis  suggest that the copine
BON1/CPN1 functions to suppress the activation of
plant defense signaling in response to increases in intrac-
ellular calcium [7]. The role of CpnA in Dictyostelium
development may be similar to what has been observed in
Arabidopsis, in that it negatively regulates responses to
increases in intracellular calcium. Therefore, the absence
of CpnA may result in a hyper-response to calcium, lead-
ing to the observed defect in development. Adding EGTA
to the developmental buffer will not only reduce extracel-
lular calcium concentrations, but will also reduce intrac-
ellular calcium stores in Dictyostelium [35]. Therefore, if
CpnA functions to negatively regulate its target protein in
response to increases in intracellular calcium, then add-
ing EGTA to the development buffer may allow for the
almost normal activity of CpnA target proteins in the
absence of CpnA. Alternatively, CpnA may be directly
involved in controlling calcium levels and participate in
the transmission of an extracellular signal by regulating
the activity, trafficking, or transcription of a calcium
channel or calcium channel-linked receptor as copines
have been found to do in C. elegans [18,20]. Adding
EGTA to the developmental buffer may bring intracellu-
lar calcium levels to a more normal level in the absence of
CpnA.
Conclusions
The calcium-dependent membrane-binding protein
CpnA plays a role in regulating aggregation, slug size, and
culmination during Dictyostelium  development.
Although CpnA does not appear to be essential for pre-
spore/prestalk patterning in the early stages of develop-
ment prior to culmination, our results indicate that CpnA
plays a role in calcium-regulated signaling pathways nec-
Figure 9 cpnA- cells can differentiate into morphologically normal spore and stalk cells in reduced calcium conditions. Wild-type (A, C) and 
cpnA- (B, D) cells were allowed to develop in starvation buffer containing EGTA for 48 hours. Fruiting bodies were removed from filters, placed on glass 
bottom dishes, and imaged with a Nikon microscope at 1000× magnification (scale bar = 20 μm).
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essary for stalk cell differentiation and the initiation of
culmination.
Methods
Dictyostelium Strains
The  cpnA-  n u l l  m u t a n t  c e l l s  w e r e  m a d e  a s  p r e v i o u s l y
described [22] by homologous recombination using Dic-
tyostelium NC4A2 cells, an axenic strain derived from the
wild-type NC4 strain, as the parental strain [36]. The
NC4A2 strain is referred to as wild-type in this paper.
Both the parental wild-type and the cpnA- cells were
transformed with the pTX-GFP plasmid by electropora-
tion [37]. In addition, both the parental wild-type and
cpnA- cells were transformed by electroporation with
three different plasmids carrying lacZ constructs
(ecmAO-Gal,  ecmB-Gal,  pspA-Gal) obtained from the
Dicty Stock Center [24-26].
Dictyostelium cells were cultured on Petri dishes in HL-
5 media (0.75% proteose peptone, 0.75% thiotone E pep-
tone, 0.5% Oxoid yeast extract, 1% glucose, 2.5 mM
Na2HPO4, and 8.8 mM KH2PO4, pH 6.5) with penicillin-
streptomycin at 20°C. cpnA- cells were also cultured in
HL-5 media supplemented with 30 μg/mL blasticidin and
all plasmid transformed cells were cultured in HL-5
media supplemented with 50 μg/mL G418.
Dictyostelium Development
Dictyostelium cells growing on Petri dishes in HL-5 at
20°C were washed three times in Development Buffer (5
mM NaHPO4, 5 mM KH2PO4, 1 mM CaCl2, 2 mM
MgCl2, pH 6.5). Cells were resuspended in Development
Buffer (DB) at 5 × 107 cells/mL and plated on either black
or white filters (Millipore; catalog no. HABP04700 and
HAWP04700) placed on pads soaked in DB in dishes
(Fisher; catalog no. 09-753-53C). Cells on filters were
incubated at 20°C in a humid chamber in the dark for 24
to 48 hours. For cells developed in EGTA, the DB was
made without CaCl2 and MgCl2, and 2 mM or 5 mM
EGTA was added. For the control experiment, DB was
made with 2 mM EGTA and 4 mM CaCl2. For the mixing
experiments, wild-type and cpnA- cells were mixed at
various ratios before plating on black filters.
X-Gal Staining of Developing Structures
Dictyostelium  cells were developed on white filters as
described above. At various time points in development,
1/6 of the filter was cut and removed for fixing and stain-
ing. Filter pieces were placed in Petri dishes in a fume
hood and developing structures were fixed with 1% glu-
taraldehyde and 1 mM EGTA in Z-buffer (60 mM
Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4)
applied with an aerosol spray bottle. After 10 minutes, fil-
ter pieces were moved to a 6-well plate and washed once
with Z-buffer using a micropipette. To permeabilize the
cells, a 1% NP-40 solution was transferred onto the filters
using a pipette and allowed to incubate for 10 minutes.
The filter pieces were washed with Z-buffer to remove
the NP-40 solution and the filters were allowed to dry for
20 minutes. Next, the staining solution (5 mM
K3Fe(CN)6, 5 mM K4Fe(CN)6, 1 mM EGTA, 2 mM X-Gal
in Z-buffer) was pipetted into the well containing the fil-
ter and the plate was placed in the dark for 15-30 min-
utes. The filter pieces were then washed once with Z-
buffer and incubated with stop stain solution (50% meth-
anol/50% Z-buffer) for 10 minutes. Next, a 0.02% Eosin Y
solution was added to act as a counter stain for 5-10 min-
utes. The excess counter stain was removed and the fil-
ters were placed again in the stop stain solution.
Microscopy
Images of developing Dictyostelium on black filters were
taken using a Leica fluorescence dissecting microscope
(model no. MZ16F) at 20×, 40×, or 50× magnification
using brightfield or fluorescence microscopy and a Leica
DFC340FZ camera with the Leica Application software.
For time-lapse imaging, cells expressing GFP were plated
on black filters on pads in a 60 mm dish. The 60 mm dish
was placed in a 100 mm dish with water to keep the plate
from drying out. Fluorescence images using the filter for
GFP were taken every 10 minutes at 20× magnification
over a 28-hour period. Images were converted to movie
format using the Lecia Application software. Images of X-
Gal stained developing Dictyostelium  structures were
taken with a Nikon SMZ1500 dissecting microscope
e q u i p p e d  w i t h  a  S P O T  F l e x  c o l o r e d  c a m e r a  u s i n g  t h e
SPOT digital imaging software. For the imaging of stalk
and spore cells, fruiting bodies or stalk structures were
removed from the filters using tweezers and placed on
glass bottom dishes containing DB buffer. The stalk and
spores cells were imaged with differential interference
contrast (DIC) and wide field fluorescence on a Nikon
TE2000 with a 60× or 100× objective, a Cooke Sensicam
camera, a filter cube for GFP, and Image Pro-Plus soft-
ware.
Additional material
Additional file 1 Time-lapse imaging of developing wild-type Dic-
tyostelium cells. Wild-type Dictyostelium cells expressing GFP were plated 
on black filters in starvation buffer at 5 × 107 cells/mL and imaged every 10 
minutes for 28 hours using a Leica dissecting fluorescence microscope at 
20× magnification. Individual images were converted to an .avi movie file at 
2 frames/sec, then converted to a mpeg file.
Additional file 2 Time-lapse imaging of developing cpnA- Dictyostel-
ium cells. cpnA- Dictyostelium cells expressing GFP were plated on black fil-
ters in starvation buffer at 5 × 107 cells/mL and imaged every 10 minutes for 
28 hours using a Leica dissecting fluorescence microscope at 20× magnifi-
cation. Individual images were converted to an .avi movie file at 2 frames/
sec, then converted to a mpeg file.Smith et al. BMC Developmental Biology 2010, 10:59
http://www.biomedcentral.com/1471-213X/10/59
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specific protein A; lacZ: β-galactosidase.
Authors' contributions
TSS carried out all of the experiments and captured the images except for the
lacZ construct experiments in Figure 3. JMP and ACD carried out the LacZ
experiments and captured the images in Figure 3. TSS, JMP, and ACD contrib-
uted to the writing of the figure legends and methods section and assisted in
creating the figures. CKD designed and supervised the experiments, created
the figures, and wrote the manuscript. All authors have read and approved the
manuscript.
Acknowledgements
We would like to acknowledge Lauren C. Naliboff for her previous work in cre-
ating the cpnA- null mutant strain. The LacZ plasmids were obtained from the 
Dicty Stock Center http://www.dictybase.org and deposited by Jeffrey G. Wil-
liams. We also would like thank Marbelys Rodriguez for helping us with the X-
Gal staining protocol and Kerry Lepley and Hanqian Mao for their assistance in 
the laboratory. This study was funded by a grant to C. Damer from the National 
Institutes of Health (1R15GM078089-01A1), two supplement awards to the NIH 
grant to fund T. Smith and J. Pineda, and a Central Michigan University Summer 
Scholarship to T. Smith.
Author Details
Department of Biology, Central Michigan University, Mount Pleasant, Michigan 
48859 USA
References
1. Creutz CE, Tomsig JL, Snyder SL, Gautier MC, Skouri F, Beisson J, Cohen J: 
The copines, a novel class of C2 domain-containing, calcium-
dependent, phospholipid-binding proteins conserved from 
Paramecium to humans.  J Biol Chem 1998, 273:1393-402.
2. Tomsig JL, Creutz CE: Copines: a ubiquitous family of Ca(2+)-dependent 
phospholipid-binding proteins.  Cell Mol Life Sci 2002, 59:1467-77.
3. Whittaker CA, Hynes RO: Distribution and evolution of von Willebrand/
integrin A domains: widely dispersed domains with roles in cell 
adhesion and elsewhere.  Mol Biol Cell 2002, 13:3369-87.
4. Maitra R, Grigoryev DN, Bera TK, Pastan IH, Lee B: Cloning, molecular 
characterization, and expression analysis of Copine 8.  Biochem Biophys 
Res Commun 2003, 303:842-7.
5. Damer CK, Bayeva M, Hahn ES, Rivera J, Socec CI: Copine A, a calcium-
dependent membrane-binding protein, transiently localizes to the 
plasma membrane and intracellular vacuoles in Dictyostelium.  BMC 
Cell Biol 2005, 6:46.
6. Nalefski EA, Falke JJ: The C2 domain calcium-binding motif: structural 
and functional diversity.  Protein Sci 1996, 5:2375-90.
7. Lee TF, McNellis TW: Evidence that the BONZAI1/COPINE1 protein is a 
calcium- and pathogen-responsive defense suppressor.  Plant Mol Biol 
2009, 69:155-66.
8. Tomsig JL, Sohma H, Creutz CE: Calcium-dependent regulation of 
tumour necrosis factor-alpha receptor signalling by copine.  Biochem J 
2004, 378:1089-94.
9. Yang S, Yang H, Grisafi P, Sanchatjate S, Fink GR, Sun Q, Hua J: The BON/
CPN gene family represses cell death and promotes cell growth in 
Arabidopsis.  Plant J 2006, 45:166-79.
10. Tomsig JL, Snyder SL, Creutz CE: Identification of targets for calcium 
signaling through the copine family of proteins. Characterization of a 
coiled-coil copine-binding motif.  J Biol Chem 2003, 278:10048-54.
11. Ramsey CS, Yeung F, Stoddard PB, Li D, Creutz CE, Mayo MW: Copine-I 
represses NF-kappaB transcription by endoproteolysis of p65.  
Oncogene 2008, 27:3516-26.
12. Hua J, Grisafi P, Cheng SH, Fink GR: Plant growth homeostasis is 
controlled by the Arabidopsis BON1 and BAP1 genes.  Genes Dev 2001, 
15:2263-72.
13. Jambunathan N, Siani JM, McNellis TW: A humidity-sensitive Arabidopsis 
copine mutant exhibits precocious cell death and increased disease 
resistance.  Plant Cell 2001, 13:2225-40.
14. Jambunathan N, McNellis TW: Regulation of Arabidopsis COPINE 1 gene 
expression in response to pathogens and abiotic stimuli.  Plant Physiol 
2003, 132:1370-81.
15. Li Y, Pennington BO, Hua J: Multiple R-like genes are negatively 
regulated by BON1 and BON3 in arabidopsis.  Mol Plant Microbe Interact 
2009, 22:840-8.
16. Yang S, Hua J: A haplotype-specific Resistance gene regulated by 
BONZAI1 mediates temperature-dependent growth control in 
Arabidopsis.  Plant Cell 2004, 16:1060-71.
17. Li Y, Yang S, Yang H, Hua J: The TIR-NB-LRR gene SNC1 is regulated at the 
transcript level by multiple factors.  Mol Plant Microbe Interact 2007, 
20:1449-56.
18. Church DL, Lambie EJ: The promotion of gonadal cell divisions by the 
Caenorhabditis elegans TRPM cation channel GON-2 is antagonized by 
GEM-4 copine.  Genetics 2003, 165:563-74.
19. Xing J, Yan X, Estevez A, Strange K: Highly Ca2+-selective TRPM channels 
regulate IP3-dependent oscillatory Ca2+ signaling in the C. elegans 
intestine.  J Gen Physiol 2008, 131:245-55.
20. Gottschalk A, Almedom RB, Schedletzky T, Anderson SD, Yates JR, Schafer 
WR: Identification and characterization of novel nicotinic receptor-
associated proteins in Caenorhabditis elegans.  EMBO J 2005, 
24:2566-78.
21. Kessin RH: Dictyostelium: evolution, cell biology, and the development 
of multicellularity.  Cambridge, UK; New York: CambridgeUniversity Press; 
2001. 
22. Damer CK, Bayeva M, Kim PS, Ho LK, Eberhardt ES, Socec CI, Lee JS, Bruce 
EA, Goldman-Yassen AE, Naliboff LC: Copine A is required for cytokinesis, 
contractile vacuole function, and development in Dictyostelium.  
Eukaryot Cell 2007, 6:430-42.
23. Gaudet P, Williams JG, Fey P, Chisholm RL: An anatomy ontology to 
represent biological knowledge in Dictyostelium discoideum.  BMC 
Genomics 2008, 9:130.
24. Early AE, Gaskell MJ, Traynor D, Williams JG: Two distinct populations of 
prestalk cells within the tip of the migratory Dictyostelium slug with 
differing fates at culmination.  Development 1993, 118:353-62.
25. Dingermann T, Reindl N, Werner H, Hildebrandt M, Nellen W, Harwood A, 
Williams J, Nerke K: Optimization and in situ detection of Escherichia 
coli beta-galactosidase gene expression in Dictyostelium discoideum.  
Gene 1989, 85:353-62.
26. Jermyn KA, Williams JG: An analysis of culmination in Dictyostelium 
using prestalk and stalk-specific cell autonomous markers.  
Development 1991, 111:779-87.
27. Sternfeld J: A Study of Pstb Cells during Dictyostelium Migration and 
Culmination Reveals a Unidirectional Cell Type Conversion Process.  
Rouxs Archives of Developmental Biology 1992, 201:354-363.
28. Smith E, Williams KL: Evidence for tip control of the 'slug/fruit' switch in 
slugs of Dictyostelium discoideum.  J Embryol Exp Morphol 1980, 
57:233-40.
29. Krefft M, Voet L, Mairhofer H, Williams KL: Analysis of proportion 
regulation in slugs of Dictyostelium discoideum using a monoclonal 
antibody and a FACS-IV.  Exp Cell Res 1983, 147:235-9.
30. Saran S, Azhar M, Manogaran PS, Pande G, Nanjundiah V: The level of 
sequestered calcium in vegetative amoebae of Dictyostelium 
discoideum can predict post-aggregative cell fate.  Differentiation 1994, 
57:163-9.
31. Kubohara Y, Arai A, Gokan N, Hosaka K: Pharmacological evidence that 
stalk cell differentiation involves increases in the intracellular Ca(2+) 
and H(+) concentrations in Dictyostelium discoideum.  Dev Growth 
Differ 2007, 49:253-64.
32. Schaap P, Nebl T, Fisher PR: A slow sustained increase in cytosolic Ca2+ 
levels mediates stalk gene induction by differentiation inducing factor 
in Dictyostelium.  EMBO J 1996, 15:5177-83.
33. Cubitt AB, Firtel RA, Fischer G, Jaffe LF, Miller AL: Patterns of free calcium 
in multicellular stages of Dictyostelium expressing jellyfish 
apoaequorin.  Development 1995, 121:2291-301.
34. Gross JD: Acidic Ca2+ stores, excitability, and cell patterning in 
Dictyostelium discoideum.  Eukaryot Cell 2009, 8:696-702.
35. Schlatterer C, Happle K, Lusche DF, Sonnemann J: Cytosolic [Ca2+] 
transients in dictyostelium discoideum depend on the filling state of 
Received: 4 January 2010 Accepted: 2 June 2010 
Published: 2 June 2010
This article is available from: http://www.biomedcentral.com/1471-213X/10/59 © 2010 Smith et al; licensee BioMed Central Ltd.  This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. BMC Developmental Biology 2010, 10:59Smith et al. BMC Developmental Biology 2010, 10:59
http://www.biomedcentral.com/1471-213X/10/59
Page 14 of 14
internal stores and on an active sarco/endoplasmic reticulum calcium 
ATPase (SERCA) Ca2+ pump.  J Biol Chem 2004, 279:18407-14.
36. Shelden E, Knecht DA: Mutants lacking myosin II cannot resist forces 
generated during multicellular morphogenesis.  J Cell Sci 1995, 108(Pt 
3):1105-15.
37. Levi S, Polyakov M, Egelhoff TT: Green fluorescent protein and epitope 
tag fusion vectors for Dictyostelium discoideum.  Plasmid 2000, 
44:231-8.
doi: 10.1186/1471-213X-10-59
Cite this article as: Smith et al., Copine A plays a role in the differentiation of 
stalk cells and the initiation of culmination in Dictyostelium development 
BMC Developmental Biology 2010, 10:59